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INTRODUCTION
dissociation between head and trunk roll allows investigation of both the main reference 147 frame of the graviceptive sensors involved and of the putative prior added by the central 148 nervous system. As we aligned the turntable-fixed luminous line either with the head-149 longitudinal axis or with the trunk-longitudinal axis, both precision and accuracy of arrow 150 adjustments could be compared while keeping sensory input from neck proprioceptors 151 constant. 152
MATERIAL AND METHODS 154 155

Subjects 156
We studied 12 healthy human subjects (five women and seven men, 26 to 42 yr old). 157
Two participants were familiar with the experimental protocol and ten were naïve. Informed 158 consent was obtained after a full explanation of the experimental procedure. The protocol was 159 approved by a local ethics committee and was in accordance with the ethical standards laid 160 down in the 1964 Declaration of Helsinki for research involving human subjects. 161
162
Experimental setup 163
All experiments were run on a turntable with three servo-controlled motor driven axes 164 (Acutronic, Jona, Switzerland). The intersection of the inter-aural axis and the naso-occipital 165 axis was in the center of rotation of the three turntable axes. Subjects were secured with a 4-166 point safety belt and vacuum pillows were placed on both sides of the chest and hips. While 167 viewing straight ahead, subjects rolled their head as much as possible to the left side, i.e. 168 counter-clockwise (CCW) as seen from behind. A thermoplastic mask (Sinmed BV, 169 Reeuwijk, The Netherlands) that tightly covered the head was applied and attached to the base 170 plate behind the subject's head. Care was taken to minimize any additional yaw movement of 171 the head in this maximal CCW position. When the mask hardened after a few minutes, the 172 mask restrained the head in a stable and comfortable roll-tilted position. On average, the head-173 longitudinal axis was roll-tilted relative to the trunk-longitudinal axis by -28° (± 5°; ± 1 174 standard deviation or StdDev). Subjects with myopia were allowed to wear their glasses on 175 top of the mask. Note that according to the right-hand rule clockwise (CW) head roll is 176 positive and CCW head roll is negative. To keep the number of trials within an acceptable 177 limit, we studied only head-on-trunk roll-tilts in CCW direction. Likewise we did no testswith the head and trunk aligned (referred to as "whole-body roll-tilts") as numerous studies 179 have already provided normative data on whole-body roll-angle dependent errors in SVV (De 180 Vrijer et al. 2008; Friedmann 1970; Howard 1982; Kaptein and Van Gisbergen 2004; 181 Tarnutzer et al. 2009b; Van Beuzekom and Van Gisbergen 2000) and SVH (Betts and 182 Curthoys 1998; Hafstrom et al. 2004; Wade and Curthoys 1997) . 183
To assess the SVV, we used a line with an arrowhead. Such a polarized stimulus has 184 the advantage that it allows a more precise instruction of the task without influencing the 185 accuracy of SVV adjustments (Kaptein and Van Gisbergen 2005) . The arrow was projected 186 onto the center of a sphere in front of the subject. The subject's eyes were 1.5 m away from 187 the center of the sphere, the line (500 mm x 3 mm; height x width) subtended 9.5°. velocity at the time subjects completed arrow adjustments was found to be very small (0.10°/s 213 ± 0.06°/s), which confirms that dynamic torsion signals were not a major factor at the time of 214 arrow adjustment. 215
The arrow projection started approximately five seconds after the turntable came to a 216 full stop. The starting orientation of the arrow deviated pseudo-randomly between 28 and 82° 217 CW or CCW relative to earth-vertical. Subjects were asked to adjust the SVV within two 218 seconds by turning a knob placed on a remote control box. A button was used to confirm 219 completion of each adjustment. Trials not completed in time were repeated at the end of the 220 session. Subjects first practiced SVV adjustments, until they could be performed within the 221 time limit. We selected a short adjustment interval because SVV variability modulates with 222 head-roll position (De Vrijer et al. 2008; Dichgans et al. 1974; Lechner-Steinleitner 1978; 223 Mittelstaedt 1983; Schoene and Udo de Haes 1968; Tarnutzer et al. 2009b ; Udo de Haes 224 1970). As a consequence, it is likely that subjects experience more difficulty in setting the 225 arrow to vertical at some (most likely large) whole-body roll angles compared to others 226 (closer to upright). With the choice of a short time, we ensured that subjects spent equal time 227
for SVV adjustments in all roll positions. After each trial, the turntable roll position was 228 changed; subjects, however, never crossed upside-down orientation when repositioned. Ashort pause with the lights turned on was granted at the end of each block, reversing dark 230 adaptation and allowing subjects to relax and remove the mask. 231
232
Data analysis 233
Turntable and arrow roll positions were digitally recorded at 200 Hz. Data points were 234 considered as outliers if they were more distant from the average than two StdDev. In total 235
4.2% of all data points were identified as outliers and were discarded before statistical 236 analysis. The average errors relative to the desired arrow roll angle and both the intra-and 237 inter-individual StdDev of adjusted angles were calculated. In the following, we will use the 238 term 'trial-to-trial variability' whenever we refer to standard deviations within single subjects. 239
To obtain sample averages of SVV errors (± 1 StdDev) and SVV variability (± 1 StdDev) for 240 statistical analysis, we pooled individual averages of given trial types (Fig. 3) , although there 241 was some variation of the head-on-trunk roll angle among subjects (± 5°, ± StdDev). Six 242 different average head-roll orientations relative to earth-vertical were tested: 103° LED, 75° 243 LED, 28° LED, upright, 47° RED, and 75° RED. 244
Statistical analysis was performed using analysis of variance (ANOVA, Minitab, 245 Minitab Inc., State College, USA). Tukey's correction was used to compensate for multiple 246 comparisons. In some sections, the statistical analysis was solely based on paired t-tests. 247
Holm's correction was applied whenever multiple t-tests (number of tests = m) were 248 performed (Aickin and Gensler 1996; Holm 1979) . This method uses an adapted level of 249 significance after performing the null hypothesis on the smallest p-value (α = α o /m) with 250
Bonferroni correction. For the second smallest p-value the level of significance therefore is α 251 = α o /(m-1) and so on. P-values were multiplied according to the denominator defined by 252
Holm's correction keeping the level of significance unchanged for all statistical tests, i.e., p = 253 0.05. 254 A quadratic function was fit to SVV errors in both head-and trunk-fixed reference 255 frames using standard MATLAB programs. To determine the head-and trunk-roll angle 256 associated with highest SVV precision, an inverse Gaussian function was fit to the SVV 257 variability data. To estimate the confidence intervals of the parameters of the fit (offset and 258 standard deviation), we used bootstrapping with 1000 resamples of the observed dataset, each 259 of which is obtained by random sampling with replacement from the original dataset ( SVV errors when the axes are mis-aligned when referenced to a head fixed frame (Fig. 3A) , 289 compared to when they are referenced to a trunk-fixed frame (Fig. 3B ) 290
In a head-fixed reference frame (Fig. 3A) , SVV errors were small and not significantly 291 different from zero (0.9 ± 1.4°, t-test, p > 0.05) in head-upright position. SVV errors increased 292 with increasing head-or trunk-roll angle. These errors, however, were significantly different 293 from zero (t-test, Holm's corrected, p ≤ 0.05) only at 103° LED (-18.7 ± 7.3°), 75° LED (-4.8 294 ± 5.2°), and 75° RED (6.4 ± 10.1°), consistent with roll under-compensation (A-effect). SVV 295 errors at 28° LED, i.e., trunk-upright in a trunk-fixed reference frame (-1.7 ± 3.0°), showed 296 only a trend towards significance (p = 0.07) and errors at 47° RED (-2.1 ± 7.5°) were not 297 significantly different from zero (p > 0.1). In a trunk-fixed reference frame (Fig. 3B) , the 298 SVV errors were of identical size, but shifted along the x-axis by the head-on-trunk roll angle. 299
The accuracy of SVV adjustments was determined by comparing the absolute SVV errors and 300 was found to be significantly higher (p < 0.05, paired single-sided t-test) with the head-301 longitudinal axis along vertical than with the trunk-longitudinal axis parallel to gravity. 302 303 /* Fig. 3 about here */ 304
305
To determine the reference frame of the bias signal, SVV errors relative to head-306 upright and relative to trunk-upright were analyzed for an effect of the tilt direction ∂ . 307
Depending on the reference frame of the bias signal -being head-or trunk-fixed -the 308 symmetry of SVV under-and over-compensation for CW and CCW roll tilts is better along 309 the head or along the trunk upright position. Linear regression analysis (using the standard 310 MATLAB function regress.m) was used to fit a quadratic function (see Eq. 1) to the 311 individual average SVV errors for both CW and CCW roll tilts (including upright position) 312 separately after reversing sign of SVV adjustments obtained in CCW roll positions and to test 313 for statistically significant differences between the two fits. 314
As shown in Figure 4A , SVV errors obtained in CW and CCW roll positions relative 315 to head-upright were in a similar range. This was reflected in the statistical analysis with 316 parameters 4 B , 5 B and 6 B not being significantly different from zero (ANOVA, p > 0.05). 317
When comparing CW and CCW roll positions relative to the trunk-upright position (Fig. 4B) , 318 however, SVV errors were clearly distinct depending on the tilt direction, yielding larger 319 errors for CCW roll-tilts. Statistical analysis of the fitted quadratic functions indicated that the 320 two fits obtained in the trunk-fixed reference frame were significantly (ANOVA, p < 0.001) 321 different, i.e. that parameters 4 B , 5 B and 6 B were different from zero. These findings suggest 322 that the bias signal is rather coded in a head-fixed than in a trunk-fixed reference frame. closely matched the experimental findings observed here when using a head-fixed reference 346 frame (Fig. 5A) . When plotted in a trunk-fixed reference frame (Fig. 5B) Fitting yielded a minimal SVV variability of 2.1° at a roll orientation of -2.5° relative 362 to head-upright position. In a trunk-fixed reference frame, roll orientation with minimal SVVvariability (again reaching a value of 2.1°) was offset 26.2° relative to trunk-upright. Whereas 364 the 95% confidence interval (CI) of head-roll orientations with minimal variability included 365 head-upright position (range of 95% CI in a head-fixed reference frame: -11.8 to 5.0°), the 366 95% CI of trunk-roll orientations with minimal SVV variability did not include trunk-upright 367 position (range of 95% CI in a trunk-fixed reference frame: 16.8 to 34.3°). These findings 368 suggest that internal estimates of visual vertical are optimally tuned along head-upright 369 orientation rather than along trunk-upright orientation. 370
371
DISCUSSION 373
Theories addressing the origin of the systematic, roll-angle dependent errors (A-and 374 E-effect) of subjective visual vertical (SVV) have proposed computational strategies that use 375 prior knowledge in terms of a bias signal (De Vrijer et al. 2009; 2008; Eggert 1998; 376 Mittelstaedt 1983; Tarnutzer et al. 2009b ). This bias drives the estimate of visual vertical 377 towards the subject's body-longitudinal axis as it is based on the assumption that small body 378 roll angles are most likely. Current SVV models consider the bias signal to be head-roll 379 dependent rather than trunk-roll dependent and assume maximal performance of internal 380
estimates of vertical at zero head roll (De Vrijer et al. 2009; 2008; Tarnutzer et al. 2009b) . 381
Since in most previous studies the head-and trunk-longitudinal axes were aligned, the 382 reference frame of the bias signal and its orientation with optimal performance (head vs. 383 trunk) could not be determined. We therefore evaluated whether the bias signal used in 384 modeling errors of visual vertical adjustments (De Vrijer et al. 2009; 2008; Eggert 1998; 385 Mittelstaedt 1983; Tarnutzer et al. 2009b ) was coded in a head-fixed or in a trunk-fixed 386 reference frame and determined in which roll direction estimates of visual vertical were 387 optimally tuned. To dissociate the head-and trunk-longitudinal axis -and thereby shift the 388 orientation of the head-fixed otolith organs relative to earth-vertical compared to trunk-fixed 389 gravity sensing organs -the subjects' head was kept in a roll-tilted position relative to the 390 trunk. 391
392
The reference frame of the graviceptive sensory systems and of the bias signal 393
The roll-dependent decay in precision of SVV estimates (De Vrijer et al. 2008; 394 Kaptein and Van Gisbergen 2005; Lechner-Steinleitner 1978; Mittelstaedt 1983; Schoene and 395 Udo de Haes 1968) has previously been associated mainly with the properties of the otolith 396 organs (non-uniform distribution of otolith afferents in the roll plane, non-linear firing rates), (Fig. 1a) ; head-longitudinal axis along earth-vertical (Fig. 1d) ; subject's trunk-477 longitudinal axis offset relative to earth-vertical (indicated by the angle β ) by ±75° (Fig. 1b,  478 c); subject's head-longitudinal axis offset relative to earth-vertical (indicated by the angle γ ) 479 by ±75° (Fig. 1e, f) . 
